A cloned fragment of Yersinia enterocolitica DNA complemented the defect in ferrioxamine B uptake of an Escherichia coli fluE mutant lacking the outer membrane high-affinity transport protein FhuE. Subcloning revealed that a 13.7-kDa outer membrane protein was required for complementation. The amino acid sequence deduced from the nucleotide sequence showed extensive homology to PCPHI, an outer membrane lipoprotein of Haemophilus influenzae. We therefore termed this protein PCPye. Plasmid-encoded pcpY mediated a low-affinity uptake of ferrioxamine B which may be caused by changes in the permeability of the outer membrane due to an overexpression of this outer membrane protein. A transposon insertion mutant in the plasmid-encoded pcpY gene was transferred into the chromosome of Y. enterocolitica. The resulting mutation had no effect on the high-affinity uptake of ferrioxamine B in Yersinia cells. Using the antibiotic ferrimycin we were able to isolate a Y. enterocolitica mutant lacking the high-affinity outer membrane receptor for ferrioxamine uptake, termed FoxA.
Yersinia pestis, Yersinia enterocolitica, and Yersinia pseudotuberculosis are pathogenic in humans, causing diseases ranging from enteritis to black death by invasion of host tissues. Of these species, Y. enterocolitica is now the one most frequently isolated from human and animal infections.
Ferrioxamine B can promote growth of Y. enterocolitica in vitro (6, 24) and in vivo (26) by acting as a source of iron for the organism. In strains which do not produce a siderophore (15) , virulence in mice can be enhanced by addition of either iron dextran or the iron chelator desferrioxamine B (26) . Desferrioxamine B is sold under the name Desferal as a licensed therapeutic substance for use in patients suffering from iron overload. Hence, it seems that treatment with desferrioxamine B increases the susceptibility of patients to yersiniosis (21) by serving as a siderophore, which helps Y. enterocolitica to obtain iron under the conditions of iron starvation in the host (7) . It should be noted, though, that this effect could also be a consequence of the immunosuppressive activity of ferrioxamine B (2, 8) .
Siderophore uptake has been studied in detail in Escherichia coli. Each siderophore is transported across the outer membrane via a specific receptor protein. This process has been shown to be energy dependent and requires the action of the TonB protein, which is thought to couple the membrane potential of the cytoplasmic membrane with the outer membrane proteins by direct contact. Transport through the cytoplasmic membrane is mediated by a periplasmic binding protein-dependent transport system. This type of transport seems to be realized in various gram-negative genera for the uptake of vitamin B12 and siderophores (for a recent review, see reference 5) . The coprogen outer membrane receptor protein FhuE (30) of E. coli mediates uptake of ferrioxamine B to a small extent.
In this study we describe an attempt to clone the ferrioxamine B uptake system of Y. enterocolitica in E. coli. A fragment of Yersinia DNA which restored the ferrioxamine B uptake in an E. coli fhuE mutant encoded a protein which * Corresponding author.
shared 46% homology with PCPHi, a lipoprotein of Haemophilus influenzae (11) . The observed growth stimulation may result not from the production of an authentic transport system but rather from the overexpression of the cloned outer membrane protein which may allow leakage of ferrioxamine B through the perturbed outer membrane.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The strains used in this study are listed in Table 1 . ThefoxA mutant 12-8 was obtained by selecting for ferrimycin-resistant, albomycin-sensitive mutants of WA-C. E. coli strains were cultured aerobically at 37°C, except for strains harboring plasmid pGP1-2 (35), which were grown at 30°C. Y. enterocolitica was cultured aerobically at 30°C. Antibiotics, when required, were included in the culture medium or plates at the following concentrations: chloramphenicol, 30 ,ug/ml; kanamycin, 50 ,ug/ml; and ampicillin, 50 ,ug/ml (E. coli) or 200 ,.g/ml (Y. enterocolitica). Albomycin, ferrimycin, and ferrioxamine E were a gift from H. Zahner and H. P. Fiedler (University of Tubingen, Tubingen, Germany). Globomycin was a gift from Sankyo Fermentation Research Labs.
Growth response to siderophores was tested on NBD (8 g of nutrient broth, 5 g of NaCl, 15 g of agar per liter, 0.2 mM 2,2'-dipyridyl) plates, which were seeded with the appropriate strain in 2.5 ml of water-soft agar. Filter paper discs impregnated with the siderophores were applied, and growth zones were measured after 18 h of incubation. For iron transport the appropriate strains were grown overnight in nutrient broth. Nutrient broth (20 ml) was inoculated with an overnight culture and grown to an optical density of 0.3 at 578 nm. Nutrient broth was chosen for this assay since the analysis of outer membrane profiles showed that iron-regulated proteins were derepressed after growth in this medium (data not shown). This indicated that the cells were iron starved. After centrifugation cells were resuspended to an optical density of 1.0 at 578 nm in M9 medium (22) . Iron transport was started by adding 2.5 ,uM desferrioxamine B (Desferal; Ciba Geigy) loaded with 0.25 ,uM "FeCl3 (specific (27) . A gene bank of Y. enterocolitica was constructed by cloning Sau3A partially digested chromosomal DNA of strain WA-C into the BamHI site of plasmid pACYC184 (27) . After transformation in E. coli MS172fhuE aroB, a screening was performed on NBD, supplemented with 2 ,uM desferrioxamine B (NBDF). Plasmids used in this study are shown in Fig. 1 (38) .
Chromosomal mutants were constructed by allelic exchange by the method of Hamilton et al. (13) . An 8.3-kb fragment was deleted from a plasmid (pFOXB71) harboring Tnl732 inserted in pcpY, forming pFOXB401. A 3.8-kb fragment of pFOXB401 was cloned into pUC18, forming pFOXB527. Plasmid pMAK700 (13) was linearized with SphI-BamHI and ligated with the 3.8-kb SphI-BamHI fragment of pFOXB527 (Fig. 1) . The resulting plasmid (pFOXB577) was used to transform WA-C and 12-8. Screening for chromosomal mutants was performed as described previously (13) .
Expression and localization of plasmid-encoded proteins.
The labeling procedure has been described previously (35) . DNA fragments were cloned into plasmid pT7-5 (35) or pBluescript SK+ (33) (Fig. 1 ) and transcribed by phage T7 RNA polymerase encoded on plasmid pGP1-2 (35) . In plasmid pGP1-2, expression of the T7 RNA polymerase is under the control of the A PL promoter and the gene for the heat-sensitive X repressor, c1857. Precursors of polypeptides were enriched by adding 5 mM sodium azide before labeling. Sodium azide inhibits SecA-dependent protein export (12, 23) . For analysis of in vivo inhibition of protein processing by globomycin, a specific inhibitor of signal peptidase II (18), the antibiotic was added before labeling to a final concentration of 100 ,ug/ml. Subcellular location of plasmid-encoded, radiolabeled proteins was performed as described earlier (20) , with P-lactamase of pT7-4 as an internal control.
Outer membranes of unlabeled cells were prepared as described elsewhere (14) .
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or by Tricine-SDS-PAGE as described previously (31) . Bands were identified by fluorography, Coomassie blue staining, or silver staining.
Nucleotide sequence accession numbers. (Fig. 1) . The gene responsible for growth stimulation by ferrioxamine B could be localized on a 1,128-bp HindIII-ClaI fragment by subcloning (pFOXB296). The DNA fragment contained in plasmid pFOXB515 also exhibited a weak stimulating effect on iron uptake which was not studied further. However, a part of the sequence was determined.
The sequence of the insert of pFOXB296 (pcp Y on a HindIII-StuI fragment of pFOXB1) was determined. Only one open reading frame (pcpY) of significant length in the correct orientation was found (Fig. 2) . It extended from residues 501 to 965, possessed only one potential ATG initiation codon, and was preceded by a potential ShineDalgarno sequence (492-GGAGTT-497) (32) . The TAA termination codon (residues 966 to 968) was followed by a region of dyad symmetry from nucleotides 1005 to 1034. This palindrome with a loop of 6 bases was followed by five thymidines and may function as a rho-independent terminator (free energy [37] : -21.6 kcal [ca. 90.4 kJ]). The predicted Y. enterocolitica PCP (PCPyC) precursor consisted of 155 amino acids. The N-terminal 17 amino acids of this polypeptide showed all characteristics of a lipoprotein leader peptide, i.e., a hydrophobic region in the core of the signal peptide, followed by the consensus sequence (L/V/I)(AIS/T/ G)(G/A)C (39). This predicted signal sequence was followed by a polypeptide of 138 amino acids, resulting in a mature protein with a molecular weight of 13,698. The deduced amino acid sequence of pcpY showed a high degree of homology to PCPHi (Fig. 3) .
Identification and localization of polypeptide products. With the T7 polymerase promoter system, plasmid-encoded polypeptides were labeled with 35S-Met. In strain WM1576 harboring plasmid pFOXB515, five polypeptides which showed apparent molecular masses of 40, 31, 27, 14, and 13 kDa appeared (data not shown).
A 17-kDa protein (PCPyC) was radiolabeled with plasmid pFOXB296 (data not shown). The relative molecular mass calculated for the mature PCPYe protein is 13.7 kDa. This value is considerably lower than the one determined by SDS-PAGE. The reason for the aberrant electrophoretic mobility is not known, but such a mobility has already been described for various lipoproteins of similar size (9, 11 band with an apparent molecular mass of 12.5 kDa (Fig. 4) .
To prevent cleavage of the preform of PCPy,, sodium azide, an inhibitor of SecA (12, 23), was added. An additional band with an apparent molecular mass of 14 kDa which corresponded to the unprocessed precursor of PCPYe appeared (Fig. 4) . The presence of a signal peptidase II consensus site in PCPYe predicted that the processing of the precursor would not occur in the presence of globomycin, a specific inhibitor of signal peptidase II (18) . Indeed, processing of the 14-kDa precursor was inhibited by the antibiotic (Fig. 4) .
These data show that PCPYe is a lipoprotein. [14, 000] , cytochrome c [12, 000] , and CNBr fragment of horse heart myoblobin [8, 200] ) are indicated.
Subcellular localization was performed with radiolabeled PCPye. After cell fractionation PCPye was predominantly found in the membrane fraction of the cells (Fig. 4) .
Outer membrane profiles of strain WA-C harboring either pFOXB1 or the vector pACYC184 were compared by Tricine-SDS-PAGE (Fig. 5) . It could be shown that in Y.
enterocolitica PCPYe is localized in the outer membrane.
Overexpression of the plasmid-encoded protein was observed (Fig. 5, lanes 8 and 9) .
Identification of the yersinial ferroxamine receptor FoxA.
In the presence of the high-affinity ferrioxamine uptake system, the extent to which pcp Y contributes to ferrioxamine transport into Y. enterocolitica could not be measured. Therefore, a mutant in the outer membrane high-affinity transport protein for ferrioxamine uptake was selected. Desferrioxamine stimulates the growth of Y. enterocolitica in an iron-restricted environment by supplying the organism with iron (6) . We found that several strains of Y. enterocolitica (serotypes 0:3, 0:8, and 0:9) were sensitive to the antibiotic ferrimycin, which is structurally related to ferrioxamines (19) . Ferrimycin-resistant mutants were unable to utilize ferrioxamines B and E as iron sources, indicating a mutation in the uptake system. In E. coli the specificity for siderophores resides mainly in the outer membrane receptors (5) . Three hydroxamate receptors, one for ferrichrome (fhuA), one for aerobactin (iut), and one for ferrimycin-resistant mutants. One group should be impaired only in ferrioxamine uptake, probably defective in the outer membrane receptor but with a functional ferrichrome uptake system. The second group of mutants should be defective in common functions of hydroxamate uptake like fluCDB, tonB, or exbBD (5). These mutants should be resistant to the antibiotic albomycin (4), which has structural similarities to ferrichrome.
We were indeed able to find these two types of mutants. Mutant 12-8 was ferrimycin resistant and albomycin sensitive and lacked an outer membrane protein of 77 kDa which we termed FoxA (Fig. 5) . The mutant was unable to use ferrioxamines B and E as iron sources but was unimpaired in the uptake of ferrichrome.
With respect to substrate specificity, FoxA seems to differ from FhuE of E. coli, since no growth stimulation by coprogen was observed in Y. enterocolitica WA-C.
Construction of chromosomal mutants in pcpY. An insertion in pcp Y constructed by transposon mutagenesis of plasmid pFOXB1 with Tnl732 was localized by sequencing (pFOXB71). The 5-bp repeat, created at both ends of the transposon, covered nucleotides 669 to 673 (Fig. 2) . By deleting an 8.3-kb PstI fragment, a plasmid (pFOXB401) carrying the kanamycin resistance gene of Tnl732, flanked by Y. enterocolitica DNA, was constructed. In order to create appropriate restriction enzyme sites, the insert of plasmid pFOXB401 was first cloned into pUC18 (pFOXB527), using the XbaI site of pACYC184 and a SphI site located in the Yersinia DNA. Afterwards, the insert of pFOXB527 was cloned into pMAK700, using SphI and the BamHI site of the pUC18 polylinker.
The resulting plasmid, pFOXB577, was transformed into strains WA-C and 12-8 in order to create chromosomal mutants by marker exchange. Since the replicon of pMAK700 is temperature sensitive, cointegrates of pFOXB577 with the bacterial chromosome could be isolated at 44°C. Resolution of the cointegrates was obtained during growth at 30°C. Chromosomal pcp Y deletion mutants of strains WA-C and 12-8 were identified as chloramphenicol-sensitive, kanamycin-resistant colonies at 44°C. Of 29 colonies tested, two expressed this phenotype and were termed 21-23c and 17-2c, respectively. Both strains lacked a 12.5-kDa protein in the outer membrane, as determined by Tricine-SDS-PAGE and silver staining.
After resolution of the cointegrates, strains carrying the transposon insertion in pcp Y on their chromosome should also contain a temperature-sensitive plasmid carrying the intact pcp Y region. Before plasmid curing at 44°C was performed, we isolated these plasmids from the uncured precursors of strains 21-23c and 17-2c. The inserts of both plasmids showed restriction enzyme digestion patterns identical to those of the corresponding region of pFOXB1 (data not shown). These results prove that the gene structure present in pFOXB1 is indeed that of the chromosomal DNA of Y. enterocolitica WA-C.
Influence of PCPYe and FoxA on ferrioxamine uptake.
Strains expressing PCPYe in different genetic backgrounds were constructed ( (Fig. 6a) . Plasmid-encoded PCPy,, also influenced ferrioxamine transport. In a strain without the ferrioxamine receptor FoxA, transport was enhanced. In this genetic background the stimulation of ferrioxamine B uptake by PCPy, was small but reproducible (all transport experiments were performed three times independently). In contrast, overexpression of PCPy, influenced the high-affinity ferrioxamine uptake via FoxA negatively.
The chromosomal PCPye mutation had no effect on ferrioxamine B transport in Y. enterocolitica (Fig. 6b) .
DISCUSSION
Y. enterocolitica possesses a high-affinity uptake system for active transport of ferrioxamine B across the outer membrane. We identified a protein in the molecular weight range of known siderophore receptors (5) which mediates high-affinity uptake of ferrioxamine in Yersinia species.
The presence of a second, low-affinity uptake system was suggested from cloning a DNA fragment that complemented the FhuE phenotype in E. coli. Subcloning revealed that a 13.7-kDa protein (PCPYe) was responsible for the observed effect. In Pseudomonas aeroginosa an outer membrane protein (molecular weight, 14,000) which seemed to be involved in pyochelin uptake was described (34) . It is the only low-molecular-weight protein reported to be involved in siderophore uptake across the outer membrane. All of the other siderophore receptor proteins have a molecular weight of between 70,000 and 90,000 (5).
In E. coli, overexpression of PCPyC stimulated uptake of ferrioxamine B, as determined by measurement of growth zones on NBD plates (Table 2) . On a high-copy-number plasmid, PCPYe mediated growth on NBD with ferrioxamine as the sole iron source even in a tonB mutant. The latter effect was not observed when pcp Y was present on a medium-copy-number plasmid. These data raised the possibility that the observed growth stimulation did not result from the production of an authentic transport system but that overexpression of this outer membrane protein allowed leakage of ferrioxamine through the perturbed outer mem- In addition, a lack of PCPYe had no effect on ferrioxamine transport in Y. enterocolitica. A low level of cobalamine transport independent of TonB was the result of disruption of the outer membrane permeability barrier by insertion of elevated amounts of outer membrane proteins (29) . In this case a 17-kDa polypeptide and a 84-kDa polypeptide were observed to complement the BtuB phenotype. The 84-kDa protein showed extensive homology to outer membrane proteins involved in the export and assembly of pili and fimbria. Both proteins were encoded by the 90-kb virulence plasmid of Salmonella typhimurium and seemed to be part of a pilus operon. While cells of E. coli expressing the 17-and 84-kDa proteins of S. typhimurium could grow on MacConkey agar plates, growth of strain MS172 expressing the PCPye on a high-copynumber plasmid was reduced on these plates. Cells with 20 
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grossly deranged outer membranes are unable to grow on MacConkey plates, because the detergent attacks the cytoplasmic membrane. The growth retardation of MS172 (pFOXB296) (pcp Y) indicates a certain but not a severe perturbation of the outer membrane barrier function.
Using mutants, we were able to show that PCPy,, is not essential for growth of Y. enterocolitica. In addition, the mutation in PCP seemed to have no influence on the virulence of the strain (16) . Although the biological function of PCPy, remains unknown, the degree of structural homology between PCPs from widely divergent organisms indicates a selective pressure on PCP formation.
